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BACKGROUND OF THE INVENTION 
Field of the Invention 

[0001] The invention relates to integrated circuits, and in 
particular, to a compact, stable, and accurate reference voltage 
generator. 

Related Art 

[0002] A voltage reference circuit in an integrated circuit 
(IC) provides a reference voltage for use by other elements in 
the IC. A bandgap reference generator, which is the most 
commonly used type of voltage generator, bases its reference 
voltage on the bandgap voltage of the semiconductor material on 
which the bandgap reference generator is formed. For example, a 
bandgap reference generator formed on silicon will produce a 
reference voltage roughly equal to the bandgap of silicon (1.21 
V) . 

[0003] A bandgap reference generator generates a reference 
voltage Vref by combining the base-emitter voltage Vbe of a 
bipolar transistor with a proportional -to-absolute- temperature 
(PTAT) voltage Vt (i.e., Vt increases as temperature increases). 
Meanwhile, the base-emitter voltage Vbe has an inverse linear 
relationship with temperature (i.e., Vbe decreases as 
temperature increases) . Therefore, by properly combining base- 
emitter voltage Vbe with PTAT voltage Vt, it is possible for a 
bandgap reference generator to produce a reference voltage Vref 
that is relatively stable across a wide range of temperatures. 
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[0004] Unfortunately, due to manufacturing variations and 
limitations, the actual output of a bandgap reference generator 
is often inaccurate (i.e., not at the desired reference voltage 
level) and/or unstable (e.g., excessively temperature- 
dependent) . Compensation and correction circuitry for that non- 
ideal output can increase the area, complexity, and cost of ICs 
that include such bandgap reference generators. 

[0005] Furthermore, because the reference voltage produced by 
a bandgap reference generator is fundamentally based on the 
bandgap of the underlying semiconductor material, the actual 
reference voltage produced by a bandgap reference generator 
cannot be easily set to a desired value. Once again, additional 
voltage adjustment circuitry is required to create a desired 
voltage from the reference voltage provided by the bandgap 
reference generator. 

[0006] Accordingly, it is desirable to provide a simple, 
stable reference voltage generator that can be flexibly 
configured to provide a desired reference voltage. 

SUMMARY OF THE INVENTION 

[0007] According to an embodiment of the invention, a voltage 
reference circuit includes a storage transistor that uses a 
floating gate. A reference voltage is defined by charge stored 
on the floating gate of the storage transistor. Under normal 
operating conditions, the storage transistor can maintain that 
charge on its floating gate indefinitely (e.g., greater than 25 
years at 55 °C) . 

[0008] Because the reference voltage is defined by a 
particular quantity of charge rather than by a temperature- 
dependent bandgap voltage, this reference voltage can be more 
stable than that provided by conventional bandgap reference 
generators. Furthermore, the reference voltage can be altered 
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to any desired value by simply regulating the amount of charge 
programmed onto the floating gate. 

[0009] According to an embodiment of the invention, the 
reference voltage circuit further includes a test transistor and 
a programming transistor, both of which are formed using the 
same floating gate process as the storage transistor. The test 
transistor is designed to match the dimensions and location of 
the storage transistor as closely as possible, except that the 
floating gate and control gate of the test transistor are 
electrically connected to each other. Meanwhile, the floating 
gate of the programming transistor is electrically connected to 
the floating gate of the storage transistor. 

[0010] During programming of the storage transistor, a large 
voltage potential is applied across the floating gate of the 
programming transistor to cause electron tunneling off of the 
floating gate (or hole tunneling onto the floating gate) , 
thereby raising the net positive charge on the floating gate. 
Since the floating gates of the programming and storage 
transistors are electrically connected, the storage transistor 
also sees this increase in net positive charge on its floating 
gate . 

[0011] The sources of the storage transistor and the test 
transistor are connected to the inputs of a comparator, while 
the gate and drain of the test transistor are shorted and 
connected to a reference input terminal. Because the floating 
gate of the test transistor is electrically connected to its 
control gate, the test transistor behaves like a regular (non- 
floating gate) transistor. Therefore, when a reference voltage 
(i.e., the desired voltage to be stored) is applied to the 
reference input terminal, the test transistor provides a source 
voltage to the comparator that is equal to the reference voltage 
minus the threshold voltage of the test transistor. 
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[0012] Meanwhile, the storage transistor starts off providing 
a low source voltage to the comparator, but as the net positive 
charge builds up on the floating gate of the storage transistor, 
the threshold voltage of the storage transistor decreases, which 
in turn increases the source voltage of the storage transistor. 
When the comparator detects that the potential difference 
between the source of the storage transistor and the source of 
the test transistor has reached zero, the high programming 
voltage is decoupled from the programming transistor. 
Thereafter, no additional positive charge is placed on the 
floating gates of the programming transistor, and hence, the 
storage transistor. 

[0013] In this manner, the reference voltage is stored in the 
reference voltage circuit. Then, to compare a test voltage to 
the stored reference voltage, the gate voltage of the storage 
transistor is set to the same gate voltage applied during the 
programming operation, and the test voltage is applied to the 
reference input terminal. The comparator can then compare the 
source voltages of the storage and test transistors to determine 
the relative magnitudes of the target and test voltages. For 
example, if the source voltage of the storage transistor is 
greater than the source voltage of the test transistor, the test 
voltage must be less than the target voltage, and vice versa. 
[0014] These and other aspects of the invention will be more 
fully understood in view of the following description of the 
exemplary embodiments and the drawings thereof. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0015] Fig. 1 is a circuit diagram of a voltage reference 
circuit in accordance with an embodiment of the invention. 
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[0016] Fig. 2 is a cross-sectional diagram of storage, 
programming, and test transistors in accordance with another 
embodiment of the invention. 

[0017] Fig. 3A is a circuit diagram of a voltage reference 
circuit in accordance with another embodiment of the invention. 

[0018] Fig. 3B is a circuit diagram of a comparator circuit 
the can be used in the voltage reference circuit of Fig. 3A, 
according to an embodiment of the invention. 

DETAILED DESCRIPTION 

[0019] Fig. 1 shows a circuit diagram of a voltage reference 
circuit 100 that includes a storage transistor 110, a 
programming transistor 12 0, a test transistor 13 0, a programming 
circuit 170, a comparator circuit 180, and an output control 
circuit 190. Storage transistor 110 includes a floating gate 
111 and a control gate 112. Programming transistor 120 includes 
a floating gate 121 and a control gate 122. Test transistor 130 
includes a floating gate 131 and a control gate 132. 
[0020] Transistors 110, 120, and 130 can all be fabricated 
using the same processes (e.g., with floating gates 111, 121, 
and 131 being formed by a first polysilicon process (''poly 1") 
and control gates 112, 122, and 132 being formed by a second 
polysilicon process ( ''poly 2")). Note that while transistors 
110, 120, and 130 are depicted as n-type transistors for 
exemplary purposes, according to various other embodiments of 
the invention, transistors 110, 120, and 130 can comprise any 
combination of n-type and p-type transistors (although storage 
transistor 110 and test transistor 130 will always be of the 
same type) . 

[0021] Floating gate 111 of storage transistor 110 is 
electrically connected (i.e., tied by a conductive path) to 
floating gate 121 of programming transistor 120. Therefore, 
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Storage transistor 110 and programming transistor 120 share a 
common floating gate voltage. Meanwhile, control gate 112 of 
storage transistor 110 is electrically connected to control gate 
122 of programming transistor 120, so that both control gates 
receive the same control voltage from programming circuit 170. 
Finally, floating gate 131 and control gate 132 of test 
transistor 130 are electrically connected together (e.g., by a 
metal interconnect) , so that any voltage applied to control gate 
132 is automatically applied to floating gate 131. 
[0022] To optimize the accuracy and stability of the 
reference voltage stored by voltage reference circuit 100, it is 
desirable that storage transistor 110 and test transistor 130 
have substantially similar performance characteristics. 
Therefore, according to an embodiment of the invention, 
transistors 110 and 130 are ''matched" transistors. A set of 
transistors are typically matched by making them dimensionally 
similar and positioning them in close proximity with one 
another . 

[0023] Note that transistors 110 and 130 can be matched even 
though their floating gate configurations are somewhat 
different, since the performance of the transistors is 
determined by their gate (floating and control) dimensions and 
channel dimensions. If the transistors 110 and 130 are produced 
using the same semiconductor processes, have similar gate and 
channel dimensions, and are positioned relatively close to one 
another, their electrical performances should be quite similar. 
[0024] Each of storage transistor 110 and test transistor 130 
is connected between an input terminal 101 and an input of 
comparator 180. Control gate 132 of test transistor 130 is also 
electrically connected to input terminal 101. Because control 
gate 132 is electrically connected to floating gate 131, test 
transistor 130 simply behaves like a regular (non-floating gate) 
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transistor. Note that, according to another embodiment of the 
invention, test transistor 130 can be implemented as a regular 
transistor. However, the use of the tied floating gate/control 
gate structure shown in Fig. 1 can allow better matching of test 
transistor 130 to storage transistor 110, since the two 
transistors can be formed using the same process steps. 
[0025] Comparator 180 compares the source voltage of storage 
transistor 110 to the source voltage of test transistor 130 to 
generate a comparator output signal CMP. Output control circuit 
190 then uses comparator output signal CMP to provide an output 
signal V_OUT and/or provide a control signal CTRL to programming 
circuit 170. 

[0026] Programming circuit 170 includes input terminals 171 
and 172, and sets the level of a programming voltage V_PRG and 
an erase voltage V_ERS based on the states of a programming 
signal SET and an erase signal RETUNE provided to input 
terminals 171 and 172, respectively. Programming circuit 170 
provides programming voltage V_PRG to the commonly coupled 
source and drain of programming transistor 120, and provides 
erase voltage V_ERS to the commonly coupled control gates 122 
and 112 of programming transistor 12 0 and storage transistor 
110, respectively. During programming operations, the behavior 
of programming control circuit 170 is additionally controlled by 
control signal CTRL. 

[0027] Prior to any programming operation, a reset operation 
can be performed to bring storage transistor 110 to a desired 
^^unprogrammed" state. Typically, this unprogrammed state would 
be one in which floating gate 111 has no net positive charge. 
Note that, according to various other embodiments of the 
invention, the net charge on floating gate 111 in the 
unprogrammed state of storage transistor 110 can be either 
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positive or negative, depending on the voltage levels to be 
stored by reference voltage circuit 100. 

[0028] To perform a reset operation, erase signal RETUNE is 
asserted at input terminal 172 of programming circuit 170. This 
causes programming circuit 170 to raise erase voltage V_ERS to a 
high erase voltage while simultaneously setting programming 
voltage V_PRG to a low level (typically zero) . The erase 
voltage is selected to be high enough that the net positive 
charge on floating gate 121 of programming transistor 120 is 
reduced - for example, via electrons tunneling from the 
substrate into floating gate 111, thereby canceling out any 
positive charge on floating gate 111. 

[0029] Note that while electron tunneling to and from 
floating gate 121 is described for exemplary purposes, any 
charge carriers and any charge transfer mechanism could be used 
to adjust the net charge on floating gate 121. For example, the 
tunneling of holes from floating gate 121 into the substrate 
could be the process used to decrease the net positive charge on 
floating gate 121. Alternatively, hot electron injection could 
be used to inject electrons into floating gate 111. 

[0030] To program a target reference voltage Vref into 
voltage reference circuit 100, voltage V__IN at input terminal 
101 is set equal to voltage Vref. Meanwhile, programming signal 
SET is asserted, thereby causing programming circuit 170 to set 
programming voltage V_PRG to a high charging voltage while 
simultaneously setting erase voltage V_ERS equal to a low 
voltage (e.g., zero volts). The resulting strong electric field 
between the source/drain and control gate of programming 
transistor 120 causes a buildup of positive charge on floating 
gate 121 - for example, by causing electrons from floating gate 
121 to tunnel into the substrate, thereby increasing the voltage 

(net positive charge) on floating gate 121. 
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[0031] Note that the specific value of the charging voltage 
for this programming operation will depend on the particular 
characteristics of programming transistor 120. For example, if 
programming transistor 120 is formed using a 0 . 5 jam process, the 
charging voltage required for tunneling can be in the range of 
10-12V (i.e., V_PRG = 10-12V) . Note further that the erase 
voltage used during the reset operation described above and the 
charging voltage can be equal to the same voltage. 
[0032] So long as programming voltage V_PRG remains at the 
high charging voltage and erase voltage V_ERS remains at zero, 
the net positive charge on floating gate 121 will continue to 
increase. Furthermore, because floating gate 121 of programming 
transistor 120 is electrically connected to floating gate 111 of 
storage transistor 110, floating gate 111 will see this same 
voltage increase. 

[0033] During the programming operation, comparator 180 
compares the source voltage of storage transistor 110 to the 
source voltage of test transistor 130. As the floating gate 
voltage of storage transistor 110 increases, the threshold 
voltage of storage transistor 110 decreases. This in turn 
increases the source voltage of storage transistor 110 seen by 
comparator 180, since the source voltage of a transistor is 
equal to its gate voltage minus its threshold voltage. 
[0034] Thus, during the initial stages of a programming 
operation, the source voltage of test transistor 130 will be 
higher than the source voltage of storage transistor 110, since 
the gate voltage of test transistor 130 is at reference voltage 
Vref (provided as input voltage V_IN) . As a result, comparator 
180 sets output signal CMP to a first state indicating that the 
stored voltage in voltage reference circuit 100 is less than the 
reference voltage Vref . 
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[0035] For example, assume that the threshold voltages of 
test transistor 130 and storage transistor 110 are both equal to 
0.8V, and that reference voltage Vref is equal to 3.8V. Then, 
at the start of programming, the source voltage of test 
transistor 130 will be equal to 3.0V (3.8V - 0.8V), while the 
source voltage of storage transistor 110 will be equal to -0.8V 
(OV - 0.8V). Comparator 180 will therefore generate output 
signal CMP in the first state. 

[0036] As the programming operation (described above) 
continues, the net positive charge on floating gate 111 of 
storage transistor 110 increases, thereby decreasing the 
threshold voltage of storage transistor 110 and increasing the 
source voltage of transistor 110. When the source voltage of 
storage transistor 110 matches the source voltage of test 
transistor 130, comparator 180 sets output signal CMP to a 
second state indicating that the stored voltage has reached the 
reference voltage Vref. 

[0037] Returning to the example described above, when the 
positive charge on floating gate 111 reaches a level that causes 
storage transistor 110 to have a threshold voltage equal to 
-3-OV, the source voltage of storage transistor 110 will be 
equal to 3.0V (OV - (-3.0V)). At that point, comparator 180 
will switch output signal CMP to the second state . 
[0038] In response to this change in state of signal CMP, 
output control circuit 190 asserts control signal CTRL, which 
instructs programming circuit 170 to remove programming voltage 
V_PRG from the source/drain regions of transistor 120, thereby- 
stopping the programming operation. In this manner, the 
reference voltage Vref can be programmed into voltage reference 
circuit 100 by adjusting the threshold voltage of storage 
transistor 110. Note that any desired voltage can be stored in 
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this manner by providing that voltage as input voltage V_IN 
during the programming operation. 

[0039] Once the desired voltage has been programmed into 
voltage reference circuit 100, both programming signal SET and 
erase signal RETUNE are held LOW, thereby forcing both 
programming voltage V__PRG and erase voltage V_ERS to low voltage 
levels (e.g., zero volts). Therefore, the conditions for charge 
transfer to and from floating gate 121 of programming transistor 
120 are removed, and the net charge on floating gate 121 (and on 
the floating gate 111 coupled thereto) is fixed. As is well 
known in the art, this charge can be retained for extremely long 
periods of time by floating gate transistors 110 and 120 (absent 
any anomalous conditions such as extremely high temperatures or 
exposure to high radiation levels) . 

[00401 During a subsequent comparison operation (i.e., 
comparing an input voltage V_IN to the stored reference voltage 
Vref ) , programming voltage V_PRG and erase voltage V_ERS are 
both held at a low voltage level by programming circuit 170. In 
particular, erase voltage V_ERS is held at the same low voltage 
level (e.g., zero volts) that was used during the programming 
operation . 

[0041] As a result, the source voltage of storage transistor 
110 is held at a level corresponding to the source voltage of 
test transistor 130 when input voltage V_IN is equal to 
reference voltage Vref. If input voltage V_IN is greater than 
or less than reference voltage Vref, the source voltage of test 
transistor 130 will be greater than or less than, respectively, 
the source voltage of storage transistor 110. 

[0042] For example, using the sample voltage and threshold 
values described above with respect to the programming 
operation, during a comparison operation the source voltage of 
storage transistor will be equal to 3.0V (OV gate voltage minus 
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-3.0V threshold voltage) . The source voltage of test transistor 
130 will be equal to input voltage V_IN minus 0.8V (the 
threshold voltage of transistor 130) . The source voltages of 
transistors 110 and 130 can then be compared by comparator 180 
to determine the relative magnitudes of input voltage V_IN and 
stored reference voltage Vref . 

[0043] For instance, if input voltage V_IN is 4.0V, the 
source voltage of transistor 130 will be 3.2V (4.0 - 0.8V). 
Therefore, comparator 180 will place output signal CMP in the 
first state to indicate that the source voltage of test 
transistor 130 is greater than the source voltage of storage 
transistor 110. If input voltage V_IN is 2.0V, the source 
voltage of transistor 130 will be 1.2V (2.0V - 0.8V), and 
comparator 180 will place output signal CMP in the second state 
to indicate that the source voltage of test transistor 130 is 
less than the source voltage of storage transistor 110. 
[0044] Note that, according to another embodiment of the 
invention, comparator 180 could provide three different signals 
for when the source voltage of storage transistor 110 is greater 
than, less than, or equal to the source voltage of test 
transistor 130. In such a case, using the numbers from the 
above example, if input voltage V_IN is 3.8V, the source voltage 
of transistor 130 would be 3.0V (3.8V - 0.8V), and comparator 
180 would place output signal CMP in a third state to indicate 
that the source voltages of test transistor 130 and storage 
transistor 110 are equal. 

[0045] Output control circuit 190 can then provide an 
appropriate output signal V_OUT based on signal CMP. Output 
signal V_OUT indicates whether input voltage V_IN is greater or 
less than the reference voltage stored by storage transistor 
110. According to an embodiment of the invention, during normal 
operation of voltage reference circuit 100, output signal V_OUT 
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simply tracks (i.e., is the same as) comparator output signal 
CMP. 

[0046] Note that the termination of the programming operation 
involves a large voltage swing at the source/drain regions of 
programming transistor 120 as programming voltage V_PRG goes 
from the high programming voltage to zero. This activity is 
capacitively coupled to the floating gate of programming 
transistor 120, and therefore can adversely affect the behavior 
of storage transistor 110 (via connected floating gates 121 and 
111) . 

[0047] Furthermore, due to propagation delays between the 
sensing circuitry of comparator 180 and programming circuit 170, 
the termination of the programming operation (i.e., the point at 
which programming circuit 170 removes the high programming 
voltage from the source/drain regions of programming transistor 
120) can occur some time after comparator 180 senses that the 
voltage on floating gate 111 storage transistor has reached the 
reference voltage Vref . Therefore, the actual voltage stored on 
floating gate 111 can overshoot the target reference voltage 
Vref. 

[0048] Therefore, according to an embodiment of the 
invention, these issues can be addressed by configuring 
programming transistor 120 such that the capacitance between 
floating gate 121 and control gate 122 (lower capacitance) is 
large compared to the capacitance between floating gate 121 and 
the source/drain regions of programming transistor 120 (upper 
capacitance) . Because the ability of a capacitor to ^'smooth 
out" signals is proportional to its capacitance, increasing the 
lower capacitance of programming transistor 120 minimizes the 
effect of the above -described programming shutdown voltage 
swing . 
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[0049] Furthermore, as is known in the art, the voltage 
across a capacitor is proportional to the charge on the 
capacitor but inversely proportional to its capacitance (V = 
q/C) . Therefore, increasing the lower capacitance relative to 
the upper capacitance reduces the rate at which the programming 
operation increases the floating gate voltage, thereby reducing 
the effect of any excess charging time resulting from 
propagation delays in voltage reference circuit 100. 
[0050] Since capacitance is proportional to the area of the 
capacitive plates, the sizes (areas) of floating gate 121 and 
control gate 122 can be increased to increase the lower 
capacitance of programming transistor 120. Fig. 2 shows a cross 
section of transistors 110, 120, and 130 from voltage reference 
circuit 100 shown in Fig. 1, according to an embodiment of the 
invention. 

[0051] Storage transistor 110 includes a source 118, a drain 
119, a channel region 117 between source 118 and drain 119, a 
floating gate 111 over channel region 117, a control gate 112, 
and oxide layers 113 and 114 between channel region 117 and 
floating gate 111, and between floating gate 111 and control 
gate 112, respectively. 

[0052] Test transistor 130 includes a source 138, a drain 
139, a channel region 137 between source 138 and drain 139, a 
floating gate 131 over channel region 137, a control gate 132 
over floating gate 131 (and electrically connected to floating 
gate 131) , and oxide layers 133 and 134 between channel region 
137 and floating gate 131, and between floating gate 131 and 
control gate 132, respectively. As described above, transistors 
110 and 13 0 are matched transistors, and so have the same 
channel lengths LCI and LC3, respectively, and the same physical 
gate lengths LPl and LP3 , respectively. 
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[0053] Like transistors 110 and 130, programming transistor 
130 includes a source 128, a drain 129, a channel region 127 
between source 128 and drain 129, a floating gate 121 above 
channel region 127 (and electrically connected to floating gate 
111 of storage transistor 110) , a control gate 122 above 
floating gate 121, and oxide layers 123 and 124 between channel 
region 127 and floating gate 121, and between floating gate 121 
and control gate 122, respectively. 

[0054] Therefore, floating gates 111, 121, and 131 can all be 
formed during one process step (e.g., poly-1) and control gates 
112, 122, and 132 can all be formed during a second process step 
(e.g., poly-2) . However, programming transistor 120 does not 
need to be matched to transistors 110 and 13 0, and can therefore 
have a channel length LC2 and a physical gate length LP2 that 
are sized to provide a desired relationship between the upper 
and lower capacitances of programming transistor 120. 
[0055] The lower and upper capacitances of a floating gate 
transistor are determined in large part by the physical gate 
area and channel area, respectively, of that transistor. 
Typically, these two areas in any particular transistor are 
similar (e.g., transistors 110 and 130), so that the lower and 
upper capacitances are substantially similar. 
[0056] However, programming transistor 12 0 in Fig. 2 has a 
physical gate length LP2 that is significantly greater than its 
channel length LC2 . This disparity means that the physical gate 
area of transistor 120 is significantly larger than its channel 
area (assuming similar gate and channel widths) . Consequently, 
the lower capacitance of transistor 120 is much greater than its 
upper capacitance. In this manner, programming transistor 120 
can be configured to minimize the shutdown voltage swing 
coupling and charging overshoot issues described above with 
respect to Fig. 1. 
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[0057] Note that, while floating gate 121 and control gate 
122 are depicted as extending beyond source 128 for exemplary 
purposes, floating gate 121 and control gate 122 could be sized 
in any manner that results in the control and floating gate area 
(physical gate area) being substantially larger (e.g., 2x or 
more) than the channel region between source region 12 8 and 
drain region 129 (channel area) . For example, floating gate 121 
and control gate 122 could also (or alternatively) be extended 
beyond drain region 129. Also, floating gate 121 and control 
gate 122 could be increased in width (e.g., beyond the active 
region of transistor 120) . 

[0058] Note further that according to an embodiment of the 
invention, oxide layer 123 of programming transistor 120 can 
also include a thinned section 123 -A to provide a ^'tunneling 
window" for programming and erasing programming transistor 120. 
Thinned section 123 -A allows charge carriers to more easily pass 
through oxide layer 123 to and from floating gate 121. 
[0059] Fig. 3A shows a voltage reference circuit 300, which 

is substantially similar to voltage reference circuit 100 shown 
in Fig. 1, but with sample circuit details depicted for 
programming circuit 170, comparator 180, and output control 
circuit 190, according to an embodiment of the invention. 
[0060] For example, programming circuit 170 shown in Fig. 3 
includes programming logic 171, an AND gate 172, and erase logic 
173. AND gate 172 is coupled to receive programming signal SET 
and control signal CTRL, and programming logic 172 is coupled to 
receive the output of AND gate 171 and a high voltage V_HI and 
provide programming voltage V_PRG, while erase logic 173 is 
coupled to receive erase signal RETUNE and high voltage V_HI and 
provide erase voltage V_ERS . 

[0061] Both programming logic 171 and erase logic 173 
comprise an enable terminal EN, an input terminal VPP, and an 
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output terminal OUT, and can therefore be identical circuits. 
For each circuit, a logic HIGH signal at enable terminal EN 
causes a voltage V_HI at input terminal VPP to be provided at 
output terminal OUT - otherwise the voltage at output terminal 
OUT remains low (e.g., zero). Voltage V_HI is the appropriate 
programming/erase voltage for programming transistor 120 {as 
described above with respect to Fig. 1) . 

[0062] Output control circuit 190 includes an inverter 191 
coupled to receive comparator output signal CMP and provide 
control signal CTRL as an output, a NAND gate 192 coupled to 
receive as inputs signals /SET and /RETUNE (i.e., the 
complements of programming signal SET and erase signal RETUNE, 
respectively) , and a NOR gate 193 coupled to receive as inputs 
the output of inverter 191 and control signal CTRL, and provide 
output signal V_OUT as an output. Finally, comparator 180 
includes a differential comparator 180A, which is described in 
greater detail below. 

[0063] Fig. 3B shows a circuit diagram of a differential 
comparator 180A for use with voltage reference circuit 3 00 of 
Fig. 3A. Differential comparator 180A includes p-type 
transistors 181, 182, and 185, and n-type transistors 183, 184, 
and 186-189. Transistors 181 and 183 are connected in series 
between input terminal 101 and transistor 187, while transistors 
182 and 184 are connected in series between input terminal 101 
and transistor 187. Transistor 186 is connected between storage 
transistor 110 (not shown) and ground, while transistor 188 is 
connected between test transistor 130 (not shown) and ground. 
Finally, transistors 185 and 189 are connected in series between 
input terminal 101 and ground. The gate of transistor 185 is 
connected to node Nl at the source of transistor 182, while the 
gates of transistors 186-189 are all connected to receive a 
compare signal C_ON. During a compare operation, the compare 
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signal C_ON is asserted, thereby turning on transistors 186-189 
and enabling comparator 18 OA. 

[0064] The gate and source of transistor 181 are shorted, and 
the gates of transistors 181 and 182 are connected to form a 
current mirror. Therefore, the current flow through transistors 
181 and 183 is equal to the current flow through transistors 182 
and 184. Meanwhile, transistors 183 and 184 form a differential 
pair, so that an intermediate output CI from node Nl is 
determined by the differential output from test transistor 130 
and storage transistor 110 - specifically, by the relative 
magnitudes of the source voltages of test transistor 130 and 
storage transistor 110 shown in Fig. 1. 

[0065] For example, if the source voltage of test transistor 
130 is greater than the source voltage of storage transistor 110 
(i.e., input voltage y_IN is greater than stored reference 
voltage Vref ) , then the voltage at the gate of transistor 183 
will be greater than the voltage at the gate of transistor 184, 
and intermediate output CI will be HIGH. Therefore, transistor 
185 will be turned off, and comparator output signal CMP at node 
N2 will be LOW. 

[0066] On the other hand, if the source voltage of storage 
transistor 110 is greater than the source voltage of test 
transistor 130 (i.e., input voltage V_IN is less than stored 
reference voltage Vref) , then the voltage at the gate of 
transistor 184 will be greater than the voltage at the gate of 
transistor 183, and intermediate output CI will be LOW. 
Therefore, transistor 185 will be turned on, and comparator 
output signal CMP at node N2 will be HIGH. 

[0067] Of course, the circuitry shown for comparator 180A is 
exemplary only. Alternatives may be found in the conventional 
art . 
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[0068] Returning to Fig. 3A, to perform a reset operation, 
erase signal RETUNE is asserted, which causes erase logic 173 to 
provide voltage V_HI at its output terminal OUT as voltage V_ERS 
(i.e., erase voltage V__ERS is set equal to voltage V_HI) . 
Meanwhile, programming signal SET is held at a logic LOW state. 
Therefore, the output of AND gate 172 is also logic LOW, so that 
programming logic 171 holds its output terminal OUT at zero 
volts. The resulting high voltage potential between floating 
gate 121 and the source/drain regions of programming transistor 
120 reduces the net positive charge on floating gate 121 (as 
described above) . 

[0069] During programming operations, erase signal RETUNE is 
deasserted, thereby causing erase logic 173 to set erase voltage 
V_ERS equal to zero volts. Meanwhile, programming signal SET is 
asserted, and is provided with control signal CTRL to the inputs 
of AND gate 172. As described above, control signal CTRL is the 
inverted output of comparator 180A. Since transistors 110 and 
130 are connected to the positive and negative inputs, 
respectively, of differential comparator 180A, comparator output 
signal CMP is set to a logic HIGH state only when the output of 
storage transistor 110 is greater than the output of test 
transistor 130. 

[0070] Thus, during the initial stages of a programming 
operation, the output of transistor 110 is lower than the output 
of transistor 130 (as described above) and comparator 180A sets 
signal CMP to a logic LOW state. Inverter 191 inverts this 
signal to generate a logic HIGH control signal CTRL. Therefore, 
the output of AND gate 172 corresponds to the logic HIGH state 
of programming signal SET, and programming logic 171 sets 
programming voltage V_PRG equal to the high voltage V_HI . 

[0071] As soon as the source voltage of storage transistor 
110 exceeds the source voltage of test transistor 130, 
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comparator 18 OA switches the state of comparator output signal 
CMP to a logic HIGH level, which is inverted to a logic LOW 
control signal CTRL by inverter 191. This logic LOW signal 
switches the output of AND gate 172 to a logic LOW state, which 
in turn causes programming logic 171 to set programming voltage 
V_PRG equal to zero volts, thereby teirminating the programming 
operation. As described above with respect to Fig. 1, the lower 
capacitance of programming transistor 120 can be increased 
relative to its upper capacitance to reduce the effects of this 
voltage swing by programming voltage V_PRG (from voltage V_HI to 
zero) , and also to minimize any overshoot caused by propagation 
delays . 

[0072] Note that, during programming and erase operations, 
either programming signal SET or erase signal RETUNE is at a 
logic HIGH level, so that at least one of complementary signals 
/SET and /RETUNE is at a logic LOW level. Therefore, the output 
of NAND gate 192 in output control circuit 190 is held at a 
logic HIGH level, which in turn results in the output of NOR 
gate 193 being held at a logic LOW level. Thus, during 
programming and reset operations, the output of voltage 
reference circuit 300 (i.e., output signal V_OUT) is effectively 
disabled. 

[0073] However, during comparison operations of voltage 
reference circuit 300, both programming signal SET and erase 
signal RETUNE are held LOW, so that both programming logic 171 
and erase logic 173 hold their outputs (programming voltage 
V__PRG and erase voltage V_ERS, respectively) at zero volts. 
Therefore, no charge is added to or removed from floating gate 
floating gate 121 of programming transistor 120, which in turn 
means that the voltage stored on floating gate 111 of storage 
transistor 110 remains constant. 
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[0074] Also, because signals SET and RETUNE are both LOW, 
signals /SET and /RETUNE provided to NAND gate 192 are both 
HIGH, thereby forcing the output of NAND gate 192 in output 
control circuit 190 to a logic LOW level. This results in the 
output of NOR gate 193 being the complement of the output of 
inverter 191 - in other words, output signal V__OUT matches the 
state of comparator output signal CMP provided by comparator 
180A. In this manner, during normal operation of voltage 
reference circuit 300, output signal V_OUT indicates whether an 
input voltage V_IN is greater or less than the reference voltage 
stored in reference voltage circuit 100. 

[0075] The various embodiments of the structures and methods 
of this invention that are described above are illustrative only 
of the principles of this invention and are not intended to 
limit the scope of the invention to the particular embodiments 
described. Thus, the invention is limited only by the following 
claims and their equivalents. 
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